Background: In spite of the growing list of genetic abnormalities identified as being involved in
Introduction
Cisplatin has long been the foundation of chemotherapy in lung cancer, and the role of noncisplatin combinations has not yet been fully demonstrated. Cisplatin is the platinum agent of choice in the treatment of germ-cell tumors. On the other hand, oxaliplatin is effective in colorectal cancer, unlike cisplatin, and shows higher activity in vitro in cancer cell lines with an impaired DNA mismatch repair (MMR) system. 1 The mechanisms of resistance to cisplatin have recently been reviewed in depth, illustrating how multiple proteins and several pathways intervene in this resistance. 1 Although cisplatin or carboplatin are the essential partners in combination chemotherapy in non-smallcell lung cancer (NSCLC), there are still many paradoxical findings. In a European study, more than 400 patients with stage IIIB (30%) or IV (70%) NSCLC were randomized to receive cisplatin 100 mg/m 2 or a combination of paclitaxel 175 mg/m 2 by 3-hour infusion plus cisplatin 80 mg/m 2 every 3 weeks. Although differences in response were observed in favor of the combination, there were no differences in median survival (8.6 months in the cisplatin arm and 8.1 months in the combination arm). 2 These results are open to various explanations, ranging from the low paclitaxel dose to the differences in the cisplatin dose between the two arms. Similarly, the Cancer and Leukemia Group B (CALGB) has reported its trial of paclitaxel 250 mg/m 2 by 3-hour infusion plus carboplatin at a dose based on the area under the concentration-time curve (AUC) of 6 compared with paclitaxel alone at the same dose. The same phenomena were observed: significant differences in response and median survival 3 in favor of the combination regimen but similar 1-year survival in the two arms. 4 In the landmark four-arm Eastern Cooperative Oncology Group (ECOG) trial in advanced NSCLC, all four platinum-based combination chemotherapy regimens attained the same pattern of response, median survival, and 1-and 2-year survival rates. In the control arm (cisplatin 75 mg/m 2 plus paclitaxel 135 mg/m 2 by 24-hour infusion), the response rate was 21%, median survival was 7.8 months, 1-year survival was 31%, and 2-year survival was 10%. Similar results were observed in patients treated with cisplatin plus gemcitabine, cisplatin plus docetaxel, and carboplatin plus paclitaxel 5 ( Table 1 ).
In the three-arm Italian Lung Cancer Project trial, patients were randomized to receive gemcitabine plus cisplatin or paclitaxel plus carboplatin or vinorelbine plus cisplatin. Again, no differences in response rate (30%), time to progression (4.6 months), or median survival (9.8 months) were observed. 6 However, in the first trial comparing cisplatin plus paclitaxel vs carboplatin plus paclitaxel, differences in time to progression (4.2 vs 3 months; P=.03) and median survival (9.8 vs 8.2 months; P=.01) were observed in favor of the cisplatin arm 7 (Table 1) .
These results can be interpreted as a reflection of the failure of chemotherapy in advanced NSCLC, which seems unable to progress beyond the frontier of 8-month median survival. However, the ECOG trial 5 has ushered in a new era in cancer management that will include not only the concepts of new therapeutic targets, chemoprevention, and spiral computed tomography screening, 8 but also the genetic bases of chemoresistance, which can pave the way for tailored chemotherapy. Cisplatin damages DNA, inducing the formation of chemically stable DNA adducts. Pac/cis = paclitaxel/cisplatin Gem/cis = gemcitabine/cisplatin Pac/carbo = paclitaxel/carboplatin Vrb/cis = vinorelbine/cisplatin * Significant difference in time to progression between the paclitaxel/cisplatin control arm and the gemcitabine/cisplatin arm (P=.001). is associated with poor outcome. In one study, multiple tissues, including ovarian tumor, were obtained at autopsy from 8 patients who had received either cisplatin or carboplatin chemotherapy. Cisplatin DNA adducts were detected in most of the tissues examined, and DNA adduct levels were similar in the majority of tissues from the same subject, whether taken from the bone marrow, liver, brain, or peripheral nerve. 9 The assessment of DNA adduct levels could become one predictive assay for cisplatin and/or radiotherapy. Schaake-Koning et al 10 observed an improvement in survival in patients with locally advanced NSCLC who were treated with daily radiotherapy plus daily cisplatin 6 mg/m 2 approximately 1 hour before irradiation (20 administrations for a total of 120 mg/m 2 ), compared with radiotherapy alone. Three-year survival was 16% for concomitant cisplatinradiotherapy vs 2% for radiotherapy alone.
Differences in survival according to cisplatin DNA adduct levels have been observed in patients treated with concomitant cisplatin and radiotherapy. Dutch investigators studied 27 patients treated with daily cisplatin and radiotherapy.
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To assess cisplatin DNA adduct levels, buccal cells were collected by wiping the inner cheek with a cotton swab before cisplatin treatment and 1 hour after the fifth course of cisplatin. The immunohistochemical method used for cytospins enabled cisplatin DNA adducts to be visualized in nuclei of the buccal cells. Nuclear signal intensity (arbitrary units) ranged from 0.4 to 2.8. Striking differences in survival were observed according to DNA adduct levels. Thirteen patients with low DNA adduct levels (≤1.16) had a median survival of 5.2 months compared to 14 patients with high levels (>1.16), who had a median survival of 30.2 months (P<.0001). If these data are validated in a large-scale study, cisplatin DNA adduct levels could be used to identify the nearly 50% of patients who could obtain the greatest benefit from a concomitant cisplatin-radiotherapy approach and enable us to look for a different therapy for the 50% who would not benefit from such an approach.
Several molecular assays can be used to tailor chemotherapy in the care of lung cancer patients. Accumulated evidence indicates that several genetic markers are related to cisplatin resistance, and current research is providing hints that predictive markers may also affect resistance to gemcitabine and/or microtubule-interacting drugs.
DNA Repair
Cell repair capacity is stored in the linear sequence of approximately 3 × 10 9 copies of the four basesguanine, cytosine, adenine and thymine -aligned in the DNA. A growing number of reports identify DNA damage with the regulation of DNA repair gene transcription and the control of cell cycle progression and apoptosis via DNA damage checkpoints. Different pathways of DNA repair are polymorphic and vary interindividually and with age. These features influence the chemosensitivity of tumor cells toward DNA-reactive cytotoxic drugs.
DNA repair is a counteragent in carcinogenesis and an accomplice in cancer therapy resistance. 12 There are several major DNA repair pathways. Excision repair, including nucleotide excision repair (NER), has been strongly linked to cisplatin resistance. Base excision repair (BER) also plays an important role in chemotherapy resistance. The mRNA levels of the excision repair cross-complementing (ERCC1) gene, involved in the NER pathway, have recently been found to be closely correlated with levels of 8-oxoguanine DNA glycosylase (OGG1), involved in the BER pathway. The repair of double-strand breaks, induced by cytotoxic agents, radiotherapy, and reactive oxygen species, is carried out by homologous recombination and nonhomologous DNA end joining. Other pathways are MMR and onestep repair (OSR), meaning the direct reversal of DNA damage. The repair protein O 6 -alkylguanine-DNA alkyltransferase, also known as O 6 -methylguanine-DNA methyltransferase (MGMT), intervenes in OSR through removal of an alkyl group from the O 6 -atom of guanine in the DNA of cells exposed to alkylating agents. With increasing size of the alkyl group, the relative contribution of MGMT to the repair of O 6 -alkylguanines in DNA decreases and excision repair becomes more relevant. 12 As an example of OSR, treatment with chloroethylnitrosourea (BCNU) correlates with MGMT activity; in the process of cytotoxic interstrand cross-links in target cell DNA, BCNU initially alkylates the O 6 -atom of guanine. Intriguingly, MGMT levels vary greatly among tumors, which has been used in pharmacogenomic interpretation. Hypermethylation of MGMT (abrogating OSR) was observed in 40% of brain tumors treated with BCNU and was related to significantly better survival. 13 Interestingly, the activity of temozolomide has been linked to tumor MGMT. However, when temozolomide was combined with CPT-11, this mechanism of resistance was circumvented in tumor cells that were either MGMT proficient or MMR deficient. 14 The possibility of individualizing DNA repair profiles is becoming a central issue in the search for improved chemotherapy results. Current bioinformatics tools for microarray data have correlated gene expression profiles in cell lines with response to chemotherapy, leading to the identification of genes that may be important for drug sensitivities. However, profiling with microarray requires relatively large quantities of RNA, making the process inappropriate for certain applications. Cancer cells accumulate multiple genetic abnormalities in signal transduction pathways during carcinogenesis and cancer progression. NER deficiencies are related to lung oncogenesis yet simultaneously confer a chemotherapy advantage. Like many DNA alkylators, cisplatin acts as a cross-linker, inhibiting DNA replication, which is the critical target in cancer chemotherapy. Cross-links between guanine bases are induced by cisplatin, carboplatin, and oxaliplatin. Cisplatin and carboplatin form an identical cross-link, while the oxaliplatin cross-link is structurally different due to the bulky 1,2-diaminocyclohexane group in the adduct. 15 The mechanisms of DNA repair have been investigated in depth, primarily the nuclear DNA repair pathways involving BER, recombination, MMR, NER, and OSR. Mitochondrial DNA repair pathways can also play an important role and are reviewed elsewhere. 16 In this review, we focus primarily on the NER pathway.
DNA Repair Capacity, Lung Cancer Risk, and Chemoresistance
Many cancer chemotherapeutic agents, including cisplatin, cause interstrand cross-links, which accounts for their therapeutic cytotoxic properties. Similarly, many carcinogens are bifunctional, causing both monoadducts and intrastrand or interstrand cross-links in DNA. DNA repair capacity (DRC) is genetically determined; it modulates lung cancer susceptibility and treatment response. 17 Carcinogeninduced DNA damage induces breaks in the sugarphosphate DNA backbone, either in one or both of the two strands of the double helix. Covalent binding of the carcinogen results in the formation of a chemically altered base in DNA that is called an adduct. A nucleotide adduct is a fragment consisting of carcinogen-base-deoxyribose-phosphate, a nucleoside adduct consists of carcinogen-base-deoxyribose, and a base adduct is the carcinogen-modified base only. DRC has been assessed in peripheral blood lymphocytes by the host-cell reactivation assay, which measured cellular reactivation of a reporter gene damaged by exposure to 75 µm benzo[a]pyrene diol epoxide (BPDE). 18 With this functional assay, the mean level of DRC was significantly lower in patients with lung cancer than in controls. Younger cases (<65 years of age) and smokers were more likely than controls to have reduced DRC. 18 BPDE-induced DNA adducts are repaired by the NER pathway, in which ERCC1 plays a pivotal role, raising the hypothesis that lung cancer patients with lower ERCC1 levels -and thus lower DRC -may have enhanced response and survival with cisplatin-based chemotherapy.
In an experimental model, elevated DRC was associated with resistance to cisplatin in lung cancer cell lines. 19 In this case, the overall DRC was estimated based on the ability of cells to reactivate the pRSV-CAT (chloramphenicol acetyltransferase) plasmid damaged by cisplatin. The pRSV-CAT plasmid contains the bacterial gene for CAT under the control of the RSV longterminal repeat promoter. Platination of the pRSV-CAT plasmid will diminish or abolish CAT gene expression as a consequence of DNA damage after transfection into cells. Repair of these lesions will restore CAT gene expression and provide information about the overall repair capacity of a given cell population. NSCLC cells were found to be significantly more resistant to cisplatin than small-cell cancer cell lines isolated from untreated patients. 19 The epidemiology of DRC and its effect on cancer susceptibility has been fully developed. In 1998, 64 reports addressed the association of cancer susceptibility with defects in DRC. 20 Several assays of DRC have been used. With the host-cell reactivation assay,DRC has been measured in peripheral blood lymphocytes with the host-cell reactivation assay and calculated as the percentage of residual CAT gene expression after the repair of ultraviolet radiation-or cisplatin-damaged plasmid DNA divided by that in undamaged plasmid DNA. The host-cell reactivation assay measuring the activity of the CAT gene has been used in cells transfected with BPDEtreated plasmid. Because a single unrepaired DNA adduct can effectively block CAT transcription, any CAT activity will reflect the ability of the transfected cells to remove BPDE-induced adducts from the plasmids. The most susceptible subgroup of cigarette smokers on the basis of their low DRC were case patients who were young (<60 years if age), female, or light smokers, or who reported a family history of cancer. In contrast, in a study comparing 316 newly diagnosed lung cancer patients and 316 cancer-free control subjects, heavy smokers among both case patients and control subjects tended to have more proficient DRC than lighter smokers, suggesting that cigarette smoking may stimulate DRC in response to the DNA damage caused by tobacco carcinogens. 20 Similarly, women smokers with the GSTM1 null genotype, which results in diminished glutathione S-transferase (GST) activity, had the greatest lung cancer risk compared with other groups of women and men with different GSTM1 genotypes. The absence of detoxifying GST activity may result in an excess of internal exposure to tobacco carcinogens, leading to a higher level of DNA damage or adduct formation. 21 In short, defective DRC is one of the major factors responsible for carcinogenesis, and at the same time, it can confer a favorable cytotoxic effect. Preliminary hints as to the therapeutic benefit of deficient DRC stem from molecular epidemiology studies assessing the DRC by the host-cell reactivation assay in lymphocytes, which measures the NER capacity. 22 As stated above, one determinant of the level of cisplatin DNA adducts in host tissues (cancer patients) treated with cisplatin-based chemotherapy is the rate of DNA repair. Subjects vary considerably in their capacity to remove DNA adducts. 18 It is thought that NER is the primary mechanism for repairing cisplatin DNA adducts. The relationship between DRC and survival in patients with NSCLC treated with cisplatin-based chemotherapy was recently examined. 22 In this study, patients who had received chemotherapy were divided into quartiles according to their DRC. Patients in the top quartile (DRC >9.2%) had a risk of death that was more than two times the risk of death for patients in the bottom quartile (DRC <5.8%; P=.01). Median survival was 8.9 months for patients in the top quartile compared with 15.8 months for those in the bottom quartile (P=.04). Intriguingly, among the 36 chemonaive patients who underwent curative surgical resection, there was a slight survival advantage associated with increased DRC. This finding could be relevant when interpreting the results of neoadjuvant chemotherapy trials in early NSCLC. The assessment of DRC, either by measuring cisplatin DNA adducts, the host-cell reactivation assay, or the overexpression of ERCC1 gene transcript, is warranted in such trials to identify the subgroup of patients with low DRC, who could have lower survival when treated with surgery alone and at the same time could benefit from neoadjuvant or adjuvant chemotherapy. In contrast, patients with high DRC could have better survival when treated with surgery alone and could be refractory to neoadjuvant or adjuvant approaches.
NER Capacity and Cisplatin Effect
It is a common belief that cisplatin exerts its cytotoxic effect by disrupting the DNA macromolecule, mainly through the formation of intrastrand adducts and interstrand cross-links that are repaired through the NER pathway. It is also postulated that tumors that are defective in MMR become more resistant to cisplatin than their MMR-proficient counterparts. The NER pathway consists of several steps: damage recognition, dual incision/excision, repair synthesis, and ligation. Approximately 30 proteins participate in this repair process; above all, ERCC1 has a crucial role in the incision process, which is the rate-limiting step of the pathway. ERCC1 is a 15-kb repair gene located on human chromosome 19. ERCC1 forms a heterodimer with XPF, and the ERCC1/XPF complex is responsible for the incision to cleave the damaged strand at the phosphodiester bonds between 22 and 24 nucleotides 5′ to the lesion.
Functional ERCC1 is important in the repair of cisplatin DNA adducts and in cisplatin sensitivity in intact cells. 23 ERCC1 mRNA levels, measured by quantitative polymerase chain reaction (PCR), were examined in gastric cancer patients treated with cisplatin/fluorouracil (FU). Before chemotherapy, cDNA was obtained from primary gastric tumors, and ERCC1 mRNA levels were expressed as the ratio of the PCR product of the ERCC1 gene and the β-actin housekeeping gene. The median ERCC1 mRNA level for the 17 responders was 4.9, while the median ERCC1 mRNA level for the 16 resistant patients was 8. The difference between responders and nonresponders was statistically significant. 23 The median survival for patients with ERCC1 mRNA levels <5.8 was not reached at the time the report was published, while the median survival for those with levels >5.8 was only 5.4 months. The difference was highly significant, disclosing for the first time that intratumoral levels of ERCC1 mRNA influence the outcome of gastric cancer patients treated with cisplatin/FU. 23 This study gave no conclusive results on whether ERCC1 mRNA levels could be an independent predictive marker for cisplatin benefit. Originally, ERCC1 mRNA levels were assessed in ovarian cancer tissue harvested from 28 patients before treatment with carboplatin-or cisplatin-based chemotherapy. RT-PCR-based assay was used to determine the level of expression of ERCC1 and β-actin, as well as human xeroderma pigmentosum group A correcting (XPAC) gene. Numerical values for the expression of the ERCC1 and XPAC genes in the ovarian tumor tissue samples were obtained using the densitometric readout of the autoradiographic signal generated by the 32 P-labeled ERCC1 or XPAC probe divided by the densitometric reading for β-actin. In this case, the numerical values were different from those reported in the literature using quantitative PCR. Thirteen nonresponders showed greater levels of ERCC1 mRNA than 15 responders. 24 The cisplatin effect on ERCC1 mRNA expression has been examined in vitro. In response to a 1-hour cisplatin exposure, human ovarian cancer cells showed a two-to six-fold increase in steady-state levels of ERCC1 mRNA over basal expression levels. 25, 26 A positive association has also been demonstrated between the level of ERCC1 mRNA expression and the amount of cisplatin-DNA adduct repair in ovarian tumor cells in vitro. 26 Intriguingly, ERCC1 antisense RNA abrogates the gemcitabine-mediated cytotoxic synergism with cisplatin in human colon tumor cells that were proficient in NER. Experimental results indicate that stable expression of ERCC1 antisense mRNA downregulates the level of mRNA and repair activity. The downregula-tion of the repair activity significantly correlates with the reduction of the cytotoxic synergism between gemcitabine and cisplatin. 27 Along the same lines, ERCC1 mRNA levels have been correlated with oxaliplatin resistance in colorectal cancer patients. Median survival for patients with ERCC1 expression <4.9 was 10 months, while for patients with ERCC1 expression >4.9, it was 1.9 months. 28 These findings indicate that intratumoral ERCC1 mRNA may be an independent predictive marker for oxaliplatin combination chemotherapy. Both this study and the original study in gastric cancer 23 were conducted by investigators from the University of Southern California (USC)/Norris Comprehensive Cancer Center and Response Genetics. ERCC1 mRNA levels have not been correlated with noncisplatin chemotherapy response. When the correlation between the expression of eight genes involved in NER and DRC was examined, only ERCC1 and XPD mRNA levels were highly correlated both with each other and with DRC.
29 ERCC1 and XPD (also known as ERCC2) are closely linked on chromosome 19q13.2-13.3. More recently, the same investigators observed a strong correlation between ERCC1 and OGG1 mRNA levels in peripheral lymphocytes. OGG1 encodes the 8-oxoguanine-DNA glycosylase, which removes 8-oxoguanine from DNA as part of the BER pathway. 30 XPD polymorphism has been related to lower DRC. 31 Approximately half of the population examined had the genotype Lys751Lys and also had Asp312Asp. These patients had a good DRC and therefore are presumably resistant to cisplatin. In an epidemiological study matching 341 lung cancer cases with 360 smoker control subjects, a host-cell reactivation assay measuring the activity of the CAT gene was used in cells transfected with plasmids treated with BPDE. DRC was lower in the lung cancer patients than in the controls. The variants Gln751Gln and Asn312Asn had suboptimal DRC, with a significant increase in the hazard ratio, in contrast with the wildtype genotypes both in cases and controls, which exhibited the most proficient DRC. 31 The frequency of homozygous variants was 10% for either codon. In an intermediate group with heterozygous polymorphisms, the frequency was 40% at either codon.
The clinical interest of these findings lies in their potential usefulness in identifying in constitutional DNA from lymphocytes the polymorphisms associated with suboptimal DRC and their potential role in identifying patients with better response to cisplatin chemotherapy.
UV light, BPDE DNA adducts, and cisplatin DNA adducts are effective blocks to RNA polymerase II and thus block transcription. These DNA lesions are removed by NER, which is split into subpathways: transcription-coupled repair (TCR) and global genomic repair (GGR). Importantly, TCR repairs transcriptionblocking lesions in transcribed DNA strands of active genes, whereas GGR repairs the lesions in the nontranscribed strand of active genes and nontranscribing genome. 32 When transcribing RNA polymerase II encounters the lesion, two TCR-specific factors, CSA and CSB, are implicated for the activation of the common NER molecular pathway. 32 The clinical implications of TCR lie in the fact that cisplatin-resistant tumors show an intact TCR system, while tumors are sensitive to cisplatin when the TCR subpathway is deficient. For GGR, the xeroderma pigmentosum group C (XPC) complex is activated. Along with the basal transcription factor (TFIIH), an XPG binds to the DNA around the lesion. TFIIH contains two helicases, XPB and XPD, which open approximately a 30-base-long DNA segment around the damage. This open intermediate is stabilized by replication protein A and XPA. The DNA strand that contains the damaged base(s) is excised by the two NER endonucleases, XPG and XPF/ERCC1. XPG cleaves the damaged DNA strand 3′ from the lesion, and XPF/ERCC1 cleaves the damaged strand 5′ from the DNA lesion. Finally, the resulting gap is filled in by DNA polymerases in the presence of replication factors. Molecular deficiencies (in both GGR and TCR subpathways) in primary fibroblasts confer marked hypersensitivity to cisplatin compared to normal primary fibroblasts. These results demonstrate that any one deficiency in XPA, XPD, XPF, or XPG confers marked hypersensitivity to cisplatin. 32 
ERCC1 Expression
We have analyzed the role of ERCC1 expression in metastatic NSCLC patients treated with gemcitabine/ cisplatin. mRNA was isolated from paraffin-embedded primary tumor specimens obtained by bronchoscopy biopsy. The median ERCC1 expression in 56 patients analyzed relative to the expression of the control β-actin was 6.7. Patients with ERCC1 expression above 6.7 had a median survival of 5 months, while those with lower levels had a median survival of 15 months. This difference was statistically significant, and importantly, in a Cox multivariable analysis, ERCC1 levels surfaced as an independent predictive variable. The fact that the cutoff was higher than previously described indicates that a certain level of ERCC1 is required for synergism between gemcitabine and cisplatin. 33 The potential role of the 5′-untranslated region (5′-UTR) in ERCC1 mRNA expression has also been examined. RT-PCR was carried out with primers targeting the 5′-UTR to amplify a fragment containing exon I (UTR) and exon II (containing the initiation codon) of the ERCC1 gene in 121 ovarian cancer samples. Interestingly, two PCR amplimers from the same sample for the target segment within the UTR appeared in some samples. The prevalence of the two amplimers occurred in the group of patients with high ERCC1 mRNA levels (48%). In contrast, only 5% of patients with a single amplimer showed high ERCC1 mRNA levels. Direct DNA sequencing of the cDNA from each of the 121 ovarian cancer tumor samples confirmed that tumors with two amplimers contained two distinct sequences. The longer sequences included the complete target sequence, 261-bp (wild type), and the shorter sequences demonstrated a 42-bp deletion. 34 This 42-bp deletion seems to be associated with high ERCC1 mRNA levels.
Overall, ERCC1 stands out as a potential predictive marker for cisplatin-based chemotherapy and it could be the basis for customized chemotherapy.
Other Genetic Markers Conferring Cisplatin Resistance
Defects in DNA MMR may result from mutation or methylation-mediated silencing of three mismatch repair genes: hMLH-1, hMSH-2, or hPMS-2. These defects have been shown to be a mechanism of resistance to cisplatin but not to oxaliplatin both in vivo and in vitro. 35 It is thought that an MMR complex recognizes cisplatin-DNA adducts but not oxaliplatin-DNA adducts, and that MMR proteins are involved in mediated response to DNA damage. 35, 36 This has been demonstrated in experiments using MMR-proficient and MMRdeficient cells, where different DNA repair pathways have been linked to cisplatin but not to oxaliplatin. 37, 38 In addition to members of the MMR family, other proteins also interact with cisplatin DNA adducts, including numerous nuclear proteins binding to cisplatin DNA adducts, such as linker histones H1, high mobility group 1 (HMG1) box-containing proteins, and many different transcription factors. HMG1 is a nonhistone chromosomal protein that appears to be involved in DNA replication and repair. HMG1 was overexpressed in three cisplatin-resistant cell lines. The expression of HMG1 is increased at the transcriptional level, which may be due to enhanced activity of the CCAAT-binding transcription factor/nuclear factor 1 (CTF/NF-1). 39 Other mechanisms of cisplatin resistance involve decreased net intracellular accumulation of cisplatin. ATP-dependent pathways activate outward efflux of cisplatin through the plasma membrane, which is enhanced in some cisplatin-resistant cell lines. 40 Multidrug resistance protein 2 (MRP2) is also a putative cisplatin efflux pump. 41 Other mechanisms involve cisplatin detoxification by glutathione/glutathione acetyl-S-transferases (GSH/GST). The four major GST-related genes (GSTP1, GSTT1, GSTM1, and GSTZ1) attach reduced glutathione to electrophilic groups in a wide variety of toxic compounds, including chemotherapeutic agents, and GSTP1 overexpression has been correlated with increased cisplatin resistance. 42 Recently, the GSTP1 Ile105 Val polymorphism has been associated with increased survival in patients with advanced colorectal cancer receiving FU/oxaliplatin chemotherapy. 43 This polymorphism has been related to substantially diminished GSTP1 enzyme activity, reducing the detoxification pathway mediated by GSTP1. 44 Metallothioneins are also involved in low cisplatinadduct formation. Metallothioneins are metal binding proteins of low molecular weight; they are cysteine rich and have an important role in the homeostasis of trace metals and in the detoxification of metals such as Cd 2+ and Hg 2+ . Metallothioneins are transcriptionally induced by these metals through metal-responsive elements located in the 5′-regulatory regions of human methallothionein genes. Overexpression of methallothionein has been correlated with cisplatin-resistance, and transfection of the gene encoding for methallothionein increases cisplatin resistance.
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BRCA1 plays an important role in DNA damage repair mediated-cisplatin sensitivity. 46 Increased levels of BRCA1 have been observed in cisplatin-resistant breast and ovarian carcinoma cell lines derived from MCF7 and SKOV3. Furthermore, antisense inhibition of BRCA1 in SKOV3 cisplatin-resistant cell lines resulted in increased sensitivity to cisplatin, decreased DRC, and increased apoptosis. BRCA1 and Rad51 16 co-localize and interact in the S-phase of the cell cycle. 47 
Conclusions
Preclinical data indicate that TCR is involved in cisplatin resistance. However, clinical findings, with a level of evidence of 2 (positive phase II studies), have focused on ERCC1, which is involved in GGR. Further research is required to validate ERCC1 mRNA levels in randomized trials, and customized chemotherapy trials including ERCC1 assessment are ongoing. However, an important limitation is the availability of tumor samples. Stage IV NSCLC is often diagnosed through cytology, which can impede ERCC1 assessment. In addition, in some instances, the amount of tumor tissue in bronchial biopsies is scarce. Another test to assess the GGR pathway is the host-cell reactivation assay, which examines the ability to repair BPDE-induced DNA adducts in peripheral lymphocytes. Like the assessment of ERCC1, this test has a level of evidence of 2. A third test is the measurement of cisplatin-DNA adducts in nuclei of buccal cells, which also has a level of evidence of 2. The only limitation for this method is that it requires at least the prior administration of one cycle of cisplatin-based chemotherapy.
Cisplatin-DNA adducts can be detected a few days after the first cycle, and the results can be used by the medical oncologist when deciding whether to continue with cisplatin or switch to a noncisplatin regimen in those cases with poor nuclear signal intensity ( Table 2 ).
The role of adjuvant chemotherapy has not yet been demonstrated in NSCLC, and there are some hints that patients with proficient GGR can have better prognosis -though paradoxically, proficient GGR can cause resistance to cisplatin-based adjuvant chemotherapy. The assessment of ERCC1 in surgical samples could be used to select patients with low ERCC1 levels who could most benefit from adjuvant chemotherapy. Along the same lines, apurinic/apyrimidinic endonuclease (Ap endo) is a key DNA repair enzyme that confers resistance to radiotherapy and alkylating drugs. Ap endo is crucial in the BER pathway. High nuclear Ap endo expression correlated with better survival in surgically resected NSCLC patients. 48 At the same time, it is reported to be a mechanism of resistance to alkylating agents. 49 Finally, XPD polymorphisms can be examined in constitutional DNA, and for this reason, lymphocytes from peripheral blood are a practical source of DNA. The level of evidence for this test is 2/3 (ie, little clinical evidence). 
